Abstract This minireview provides insight into feedback regulation of heme-dependent metabolism as a defensive cellular response against stress. Interactions among heme-, iron-, porphyrin-, and CO/NO-dependent metabolic pathways during the stress-induced response are emphasized in the context of feedback regulation. The hypothetical model of the latter interactions is presented as tightly controlled feedback cycles.
INTRODUCTION
The acquisition of stress tolerance is an important aspect of survival of living organisms. Virtually all organisms respond to an environmental stress by redirecting their protein synthetic machinery to produce a small set of proteins that are frequently termed heat shock proteins (HSPs). Most of the HSPs are named by their molecular weight (eg, HSP27, HSP32, and HSP70). These proteins contribute either to protecting and repairing cells after exposure to stress (transient response) or to the adaptation to prolonged stress (sustained response). The latter preventive adaptation represents an important ability of cells to raise their protective potential through intracellular activation of negative feedback control mechanisms that retard stress-induced injury. This protection is associated with coinduction of mRNA for both heme oxygenase (HO) and iron-free apoferritin (Eisenstein et al 1991; Balla et al 1992) as the chief intracellular reservoir for iron storage in a bioavailable nontoxic form. Three distinct isozymes of HO have been identified and cloned: an inducible form, HO-1, and constitutive forms, HO-2, and a related species, HO-3 (Maines 1988 , 1997 McCoubrey et al 1997) . Microsomal HO-1, identical with the HSP32 (Keyse and Tyrrell 1989; Yamaguchi et al 1993; Choi and Alan 1996) , catabolizes heme to bilirubin, carbon monoxide (CO), and ferrous iron (Fe 2ϩ ); the latter collects rapidly into ferritin and apoferritin, synthesis of which increases under stress. The temporal storage of iron in ferritin can restrict ferrous iron from participation in the Fenton reaction, thereby reducing the oxidant burden of the cells. This defense effect is enhanced by bilirubin, which is a very efficient peroxyl radical scavenger, especially when it acts together with tocopherol at its concentration in plasma of healthy adults (Neuzil and Stocker 1994) . In contrast, hyperbilirubinemia may lead to the development of neurologic encephelopathy despite reduced oxidative injury (Ryter and Tyrrel 2000) , as in neonatal Gunn rats exposed to hyperoxia (Dennery et al 1995) .
Why should heme be a target for an adaptive stress response?
Heme, a ubiquitous iron-containing compound, a complex of iron with protoporphyrin IX (PPIX), is essential for the activity of all aerobic cells. Heme serves as the prosthetic group of numerous hemoproteins, including hemoglobin, myoglobin, cytochromes, guanylate cyclase, and nitric oxide (NO) synthase. However, heme can be inherently dangerous, particularly when released from proteins. In response to stresses, the intracellular level of heme is strictly regulated by repression of 5-aminolevulinic acid (ALA) synthase, the key enzyme of porphyrin synthesis, and enhanced HO-1 expression (Hentze and Kuhn 1996; Ponka 1999) , although some other regulatory systems can also operate. The heme catabolism provided by HO-1 leads to the formation of low-molecular-mass redox-active iron, which is a more versatile catalyst of oxidative damage than heme (Lamb et al 1999) . Because of this, the protective effects ascribed to HO-1 might ac- -compartment model of self-cytoprotection against stress as a result of the feedback control interactions among heme-, iron-, porphyrin-, and NO/CO-dependent pathways. The latter interactions are presented in the form of 2 self-regulated feedback loops where coordinated regulation of heme-dependent metabolism can defend against negative stress-induced consequences, among them enhanced cellular oxidant injury, vasospasm, and local inflammation. The left compartment shows how the feedback cycle is capable of suppressing the stress-induced activation of heme oxygenase-1 (HO-1 or HSP32 ). The right compartment shows how stress-induced activation of the HO-1-CO-cGMP pathway is capable of increasing intracellular cGMP as a protective response against vasospasm, whereas the NO-synthase-NO-cGMP pathway is suppressed by glucocorticosteroid hormones.
tually reside in the adequate induction of ferritin (Eisenstein et al 1991; Balla et al 1992) rather than in HO-1 itself (Lamb et al 1999) . The latter conclusion is confirmed with several models of injury. While acute heme exposure exacerbates oxidative injury, coordinated expression of HO-1 and apoferritin in the endothelium protects from subsequent exposure to hydrogen peroxide, activated neutrophils, or oxidized low-density lipoprotein (Balla et al 1992; Juckett et al 1998) . Together, HO-1 and ferritin allow rapid shifting of iron from heme into the ferritin core, where it is less available for different metabolic pathways. These changes are attended by a rise in cytoprotection against iron-mediated free radical injury; cell growth arrest via the lowering of the iron-dependent activity of ribonucleotide reductase, an essential enzyme for DNAsynthesis (Sussman 1989) ; and suppression of synthesis of heme prosthetic groups. As a result, a decline in pools of heme (as substrate for HO-1) and a rise in the level of PPIX (as inhibitor of HO-1 enzyme) occur. This imbalance completes the formation of a negative feedback cycle retarding the further activation of HO-1 under stress (Fig  1, left compartment) . Moreover, the inhibitory effect of low iron on the synthesis of ALA-synthase can be viewed as an additional way to monitor the stress-induced production of protoporphyrin. This negative regulation acts as an intermediate feedback controller of HO-1 activity because the PP1X is the inhibitor of HO-1, which may limit heme catabolism (Hentze and Kuhn 1996) . The adaptive cytoprotection requires the cooperative feedback control between coordinated expression of HO-1, ALAsynthase, apoferritin, and its reciprocal regulation. In view of the fact that the feedback restricts excessive HO-1 activity and reduces hemoprotein content, this process must be tightly controlled. Excessive heme cleavage can be dangerous, as in Parkinson's disease (Schipper et al 1998) and endotoxin-induced hyperbilirubinemia and cholestasis (Camhi et al 1995; Goda et al 1998) . The maintenance of the heme biosynthesis/degradation balance appears to be crucial in genetically modified HO-1 deficit cells (Poss and Tonegawa 1997) .
Crucial role of heme oxygenase-1/CO pathway in the regulation of blood pressure under stress Heme is known to exert vasodepressive action, which is sensitive to inhibition of HO-1, attenuated by iron chelators and mimicked by exogenous CO but not by bilirubin (Motterlini et al 1998) . These observations suggest that during stress the HO-heme-CO system may be involved in the regulation of blood pressure because stress-in-duced HO-1 and constitutively expressed HO-2 (as in spleen, brain, and testes) are the sole physiological sources of CO production (Maines 1988) . Marks et al (1991) drew attention to the chemical similarities between CO and NO and proposed that CO may be a physiological regulator akin to NO. CO, like NO, can stimulate guanylyl cyclase activity by binding to heme at the active site of the enzyme that converts guanosine triphosphate to guanosine 3,5-cyclic monophosphate (cGMP) (Kharitonov et al 1995) . Molecular targets for cGMP include protein kinase, phospho-diesterases, and ion channels (Maines 1992; Lincoln and Cornwell 1993) . cGMP levels function as a sensor for intracellular events such as Ca 2ϩ movements, heat shock, and redox status (Schmidt 1992 ). An important aspect of cGMP-signaling system suggests links among HO-1, NO-synthase, and guanyl cyclase that are controlled via NO as HO-1 inducer (Maines et al 1993) and CO as inhibitor of NO-synthase and HO-1 mRNA expression (Yee et al 1996) . Both soluble guanylate cyclase and NO-synthase are hemoproteins, and the heme prosthetic group of these enzymes likely is a substrate for HO-1. Thus, the HO-1 can play a role as a direct regulator of both these hemoproteins as well as regulating their turnover (Morita et al 1995) . Although stress causes a remarkable reduction in NO-producing capability, the tissue level of cGMP is not significantly reduced (Maines et al 1995; Morita et al 1995) . The latter is achieved by the compensatory induction of HO-1 under stress (Fig 1, right  compartment) .
It is known that stress is a potent stimulator of adrenal glucocorticoid release that is responsible for lowering transcription of the NO-synthase gene (Hatlor et al 1997) . In contrast, steroid treatment showed no discernible effect on HO-1 mRNA (Maines et al 1995) . For this reason, the HO-1 dependent upregulation of CO/cGMP is able to prevent the dangerous development of vasospasm under stress. Pretreatment of animals with a HO-1 inhibitor (as the zinc deuteroporphyrin 2,4-bis glycol) markedly decreased aortic CO and cGMP levels and completely restored the stress-promoted vasoconstriction (Johnson et al 1997) . This finding supports a crucial role of the CO/ cGMP pathway in the regulation of blood pressure under stress (Maines 1993) . Note that free hemoglobin, acting as a CO-trapping reagent, eliminates CO in situ and thereby evokes sinusoidal or vascular spasm (Sano et al 1997) . The CO generation may also be reduced by acute NADPH consumption in other microsomal enzyme systems such as cytochrome P450 because NADPH and molecular oxygen are essential to CO formation by heme cleavage (Maines 1997) . In other words, CO generation at submicromolar concentration serves as an endogenous factor that actively lowers vascular and sinusoidal tone, without inhibiting oxygen consumption or lowering tissue ATP levels, but only when stress-induced injury is not followed by acute hemolysis and/or NADPH tissue deficiency. Based on the previously mentioned metabolic interactions, I propose a working 2-compartment model (Fig 1) of positive and negative regulation of the main heme-dependent processes as a cascade linked by sequential changes/steps, which permits a greater stress resistance to oxidative injury and vasospasm.
The anti-inflammatory properties of HO-1 and its end products
The common consequence(s) of the stress effect is associated with cellular injury involved in local and/or systemic inflammation, the early sign of which is the infiltration of leukocytes into the damaged tissues via enhanced adhesion to vascular endothelium. Glucocorticosteroids suppress this inflammation by inhibiting endothelial expression of adhesion molecules for circulating leukocytes (Cronstein et al 1992) . HO-1 may also inhibit inflammation and protect endothelium and smooth muscle cells from oxidant stress (Platt and Nath 1998) , primarily via inhibition of leukocyte adhesion elicited by pro-oxidant stimuli (Hayashi et al 1999) . The decrease in the oxidant-elicited leukocyte adhesive responses under HO-1-inducing conditions were restored by perfusion with Zinc-PP1X (ZnPPIX), as an HO-1 inhibitor, but not with copper-PPIX, which did not inhibit the enzyme (Hayashi et al 1999) . Furthermore, the effect of ZnPP1X was repressed by syperfusion with bilirubin and biliverdin at the micromolar level but not by the same concentration of CO (Hayashi et al 1999) . HO-1 may be one of the protective factors in atherogenesis (Siow et al 1999) by inhibiting the proinflammatory effects of lowdensity-lipoprotein (LDL) oxidation in the artery wall. This HO-1-mediated effect is achieved by the reduction of monocyte chemotaxis and transmigration in response to LDL oxidation (Ishikawa et al 1997) . Conversely inhibition of HO-1 by its PP1X inhibitor enhanced chemotaxis. In contrast, pretreatment with bilirubin or biliverdin at the micromolar level reduced this chemotaxis (Ishikawa et al 1997). The anti-inflammatory properties of HO-1 were found also in an experimental model of acute pleurisy, where increased HO-1 expression closely correlated with decreased numbers of inflammatory cells in the pleural cavity and reduced exudate volume. Pretreatment with tin protoporphyrin (an HO-1 inhibitor) abolished the effect (Willis et al 1996) . It was found that HO-1 may also inhibit inflammatory processes through blocking leukocytes activation (Willis et al 1996) and inhibiting platelet aggregation (Brune and Ullrich 1987) . The HO-1-induced inhibition of platelet activation by CO compares with well-known NO-induced inhibition of platelet aggregation (Naseem and Bruckdorfer 1997) . Both in vivo and in vitro, CO at low concentrations differentially and selectively inhibited the expression of lipopolysaccharide (LPS)-induced proinflammatory cytokines as TNF-␣, interleukin-1, and macrophage inflammatory protein-1 and increased the LPS-induced expression of the anti-inflammatory cytokine interleukin-10 (Otterbein et al 2000) . In a like manner, rats exposed to low CO concentrations in the air exhibited a marked attenuation of hyperoxia-induced inflammation via reduced neutrophil infiltration into the airway (Otterbein et al 1999) . Both mice and humans deficient in HO-1 expression have a phenotype of an increased inflammatory state (Poss and Tonegawa 1997) . These data indicate the possibility that low CO may have an important protective function in inflammatory diseases states and thus has potential therapeutic uses.
The biochemical mechanism(s) responsible for this COmediated protection is not clearly understood, but it is thought to be associated with the ability of endogenous CO to suppress the production of proinflammatory cytokines, such as platelet-derived growth factor, endothelin and/or interleukin-1, and TNF-␣ (Platt and Nath 1998; Otterbein et al 2000) , and to activate the Na ϩ ,K ϩ -ATPase for the maintenance of membrane potential (Nathanson et al 1995) . Because of this, the anti-inflammatory potential of HO-1 expression is attractive for practical use, for example, in therapy for rheumatoid arthritis (Caltabiano et al 1986) and transplantation where rapid expression of HO-1 in cardiac xenografts can be essential to ensure long-term xenograft survival (Soares et al 1998) . Although the end products of HO-1 may act as antistress agents, it may also be toxic to the lungs and other oxygen-sensitive tissues at elevated concentration (Forbes 1970) .
CONCLUDING REMARKS
The adaptive phenomenon of self-cytoprotection reflects a coordinated complex of molecular feedback mechanisms, which can save living organisms and their cells from irreversible damage through the temporary acquisition of stress tolerance. This resistance phenotype is manifested at 3 levels of heme-dependent organization: (1) physiological: increased resistance to vasospasm and inflammation; (2) cellular: enhanced oxidative resistance to cytotoxic environments; and (3) biochemical-molecular: the presence of a biochemical products that diminishes or counteracts damaging effect of stress. These products may also be cytotoxic at elevated concentration and in relation to the cell-type origin. The antistress signaling response consists of complementary transcriptional regulation: the coordinated induction of apoferritin, HO-1, ALA-synthase, and NO-synthase (see Fig 1) , which is carried out by a complex of regulatory elements (Abraham et al 1996; Elbirt and Bonkoxsky 1999) and pathways (Ryter and Tyrrel 2000) . Moreover, type of nutrition and some drugs are capable of modulating this cytoprotective response. Examples are found in the cardiovascular action of aspirin, which, in low concentration, can induce apoferritin synthesis in endothelial cells (Oberle et al 1998) and by this pathway can contribute to vessel protection against stress-induced injury. An endogenous decline in this defense occurs frequently under stressful conditions, like rapid aging and the paraneoplastic disorders, the progression of which coincided with ferritin inactivation by oxygen-derived free radicals in vivo (Schwartsburd 1995 (Schwartsburd , 1998 .
The 2-compartments model (Fig 1) presented here is consistent with a large body of experimental observations and is important in understanding the value of the delicate balance in feedback regulation among iron-, heme-, porphyrin-, and CO/NO-dependent metabolic processes that are favorable for cytoprotection. This model provides an essential scheme for future scientific and medical application.
